hypothesis was based upon fish that were largely carnivorous in the case of marine species and detritivorous/herbivorous in freshwater species (34). However, trophic level, the position of an organism within the food web, was also investigated and it was demonstrated that the herbivorous marine fish Siganus canaliculatus (rabbitfish) had the ability to endogenously synthesize LC-PUFA since two desaturases with Δ4 and Δ6/Δ5 specificities and two elongases (Elovl4 and Elovl5) enabled this species to perform all the enzymatic reactions required in the pathway (4,28). More recently, other confounding factors including "trophic ecology" and diadromy have been proposed (5,30). Currently, data indicate that capability for LC-PUFA biosynthesis in teleost fish is more diverse than in other vertebrate groups, and is possibly the result of a combination of factors that interact throughout the evolutionary history of each particular group or species. Such plasticity has been primarily associated with the substrate specificities exhibited by desaturase Fads2, a protein that has subfunctionalized during evolution of teleosts.
Fads2 has been shown to be the sole Fads-like desaturase existing in teleost genomes, in contrast with other vertebrates that also have another desaturase termed Fads1 (32).
Mammalian FADS1 encodes a desaturase with Δ5 activity, whereas FADS2 encodes a Δ6 desaturase (35). Consistently, the majority of teleostei Fads2 are typically Δ6 desaturases (11, 15, 16, 21, 22, 26, 27, 30) . Additionally, however, some teleost Fads2 have been functionally characterized as Δ5 (13), Δ4 (4,5) and bifunctional Δ6/Δ5 (4,9) desaturases. It has been postulated that the reasons underpinning the diversification of Fads2 specificities observed in certain teleost lineages are the result of adaptations to habitat-specific food-web structures in different environments and over geological timescales (32).
Pike silverside Chirostoma estor (previously Menidia estor) from lake Pátzcuaro is a highly valued freshwater fish in Mexico (36-39). Although C. estor is a freshwater species, it has a common ancestry with marine Atherinopsids (40) and shares many biological and physiological characteristics of marine species (41) . Also unusually for a freshwater fish, by guest, on June 17, 2014 www.jlr.org Downloaded from 8 amplification of cDNA ends (RACE) PCR (FirstChoice® RLM-RACE kit, Ambion) through a two-round (nested) PCR approach as detailed below (see supplementary Table 1 for primer   details) .
For desaturase Fads2a, first round PCR was performed combining the adapter-specific 5'RACE OUTER primer with the gene-specific reverse primer CEFaR1, whose 3' end sequence contained two nucleotides that differ from the Fads2b sequence. A second round PCR with 5'RACE INNER primer and CEFaR2 produced a positive band expanding out the putative end of the 5'UTR. For the Fads2b cDNA sequence, a specific 5'RACE product was not obtained, but the ORF of fads2b was obtained to enable functional characterization as detailed below.
Positive 3'RACE PCR products were obtained using isoform-specific primers and 3' adapter primers. First round PCR involved the use of forward primers CEFaF1 (isoform a) and CEFbF1 (isoform b) with the 3'RACE OUTER primer. First round products were subsequently used as template for nested PCR with forward primers CEFaF2 (isoform a) and CEFbF2 (isoform b), with reverse primers consisting of the adapter primer 3'RACE INNER.
A similar approach was followed to obtain the full-length cDNA of C. estor elovl5. The gene-specific primers CEE5R1 and CEE5R2 (5' RACE) and CEE5F1 and CEE5F2 (3'RACE) used for RACE PCR are listed in supplementary Table 1 . General RACE PCR conditions consisted of an initial denaturing step at 95 ºC for 2 min, followed by 32-35 cycles of denaturation at 95 ºC for 30 s, annealing at 55-60 ºC for 30 s, extension at 72 ºC for 2 min 30 s, followed by a final extension at 72 ºC for 5 min (GoTaq® Green Master Mix, Promega).
PCR products were cloned into pGEM-T Easy Vector (Promega) and sequenced as above.
Sequence and phylogenetic analyses
The amino acid (aa) sequences of the C. estor desaturases Fads2a and Fads2b, and elongase Elovl5 proteins were compared to those of orthologues from other fish and tetrapods (mammals, amphibians and birds) and sequence identity scores were obtained using the EMBOSS Needle Pairwise Sequence Alignment tool (http://www.ebi.ac.uk/Tools/psa/emboss_needle/). For phylogenetic analysis of the C. estor deduced aa sequences of fads2a, fads2b and elovl5, two trees were constructed using the neighbor-joining method (44) , with confidence in the resulting tree branch topology measured by bootstrapping through 10,000 iterations. Desaturase and elongase C. estor sequences were compared to homologous proteins from a variety of vertebrate lineages. The Δ6 desaturase and the PUFA elongase sequences from the oleaginous fungus Mortierella alpina were used as outgroup sequences to construct both rooted trees.
Functional characterization of the C. estor Fads2 and Elovl5 by heterologous expression in yeast
PCR fragments corresponding to the ORF of pike silverside desaturases fads2a and fads2b
and elongase elovl5 were amplified from a mixture of cDNA (liver and brain) by PCR using the high fidelity Pfu DNA Polymerase (Promega) with primers containing HindIII and SacI restriction sites (underlined in supplementary Table I ) as follows. For fads2a, the primer pair CEFVF-CEFaVR was used. For fads2b, the same forward primer CEFVF and the antisense primer CEFbVR were used. While CEFVF was specific for both isoforms, its use in combination with the fads2b specific primer CEFbVR enabled us to successfully isolate fads2b. Finally, the ORF of the elovl5 was isolated using the primers CEE5VF and CEE5VR
(supplementary Table I ). PCR consisted of an initial denaturing step at 95 ºC for 2 min, 
Fatty acid analysis of yeast
Total lipids were extracted from yeast samples and fatty acyl methyl esters (FAME) were prepared as described previously (9,30). FAME were quantified using a Thermo Gas cChromatograph (Thermo Trace GC Ultra, Thermo Electron Corporation, Waltham, MA, USA) fitted with an on-column injection system and a FID detector. Additionally, FAME were identified using an Agilent 6850 Gas Chromatograph system coupled to a 5975 series MSD (Agilent Technologies, Santa Clara, CA, USA). The desaturation or elongation conversion efficiencies from exogenously added PUFA substrates were calculated by the proportion of substrate FA converted to desaturated or elongated products as [individual product area/(all products areas + substrate area)] x 100. For the elongase, some of the initial elongation products were further elongated and thus the accumulated conversions were calculated by summing all elongated products (28). Similarly, the desaturase Fads2b exhibited multifunctional abilities and thus the conversions on Δ8 substrates (20:3n-3 and 20:2n-6) include stepwise reactions.
Tissue distribution of fads2 and elovl5 transcripts
Expression of the target genes (fads2a, fads2b and elovl5) was measured by quantitative real-time PCR (qPCR). Total RNA from liver, brain, intestine and muscle was extracted from three C. estor adult individuals as described above, and 2 µg of total RNA were reverse transcribed into cDNA (M-MLV reverse transcriptase, Promega) using oligo-dT primer. The qPCR was performed using primers shown in supplementary Table I 
Statistical analysis
Tissue expression (qPCR) results were expressed as mean normalized values (± SE) corresponding to the ratio between the copy numbers of fads2a, fads2b and elovl5 transcripts and the copy numbers of the reference gene ef-1α. A one-way analysis of variance (ANOVA)
followed by Tukey HSD test (P<0.05) was performed to compare the expression level among the selected tissues (SPSS, Chicago, USA).
Results
(22:5n-3 and 22:4n-6) were compared ( Table 1) .
The inherent capability of vertebrate Fads2 enzymes for ∆8 desaturation was investigated in both isoforms. Only Fads2b exhibited the ability to desaturate 20:3n-3 and 20:2n-6 to the corresponding ∆8-desaturated products 20:4n-3 and 20:3n-6, respectively (Table 1 ). The relative ∆6/∆8 activity ratio for Fads2b towards n-3 substrates (18:3n-3 vs. 20:3n-3 conversion) was 4.6. Interestingly, the products of ∆8 desaturation, 20:4n-3 and 20:3n-6, were further desaturated to 20:5n-3 and 20:4n-6, respectively, confirming the ∆5 desaturase activity of the enzyme ( Fig. 4 ; Table 1 ). For 20:3n-3, direct desaturation of 20:3n-3 as ∆6 or ∆5 led to the production of minor peaks identified by GC-MS as non-methylene-interrupted products Δ6,11,14,17 20:4 or Δ5,11,14,17 20:4 (Fig. 4) .
The C. estor elongase exhibited FA substrate specificities consistent with those of Elovl5 enzymes. Thus, transgenic yeast expressing the coding sequence of the pike silverside elovl5
showed activity towards most of the PUFA substrates assayed, with particularly high conversions for most C 18 and C 20 substrates. Among C 18 substrates, high elongations were obtained with 18:3n-3, 18:4n-3 and 18:3n-6, which were converted to the corresponding C 20 products 20:3n-3, 20:4n-3 and 20:3n-6, respectively (Table 2) . Further elongations to C 22 secondary products could be detected in yeast incubated with 18:3n-3, 18:2n-6 and 18:4n-3.
For C 20 PUFA substrates, almost 90 % of total EPA was elongated to 22:5n-3, whereas ARA was elongated to 22:4n-6 to a lower extent (54.8 %). C 22 PUFA substrates including 22:5n-3
and 22:4n-6 were only marginally or not converted to longer products (Table 2 ; Fig. 5 ). For each pair of homologous substrates considered, conversions obtained from the yeast assays suggested that the C. estor Elovl5 more efficiently elongated n-3 than n-6 PUFA on a consistent basis (Table 2) . Thus, 18:3n-3, 18:4n-3 and 20:5n-3 were elongated to a greater extent than the corresponding n-6 PUFA substrates 18:2n-6, 18:3n-6, 20:4n-6, respectively.
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Particularly interesting was the difference in the conversions observed between 18:3n-3 (up to 41.1 % converted to longer products) and 18:2n-6 (only 5.5 % converted to longer products).
Tissue distribution of fads2 and elovl5 transcripts
Tissue distribution of the C. estor fads2 (a and b isoforms) and elovl5 mRNA in adult specimens was analyzed by qPCR. Both fads2 transcripts were detected in all four tissues analyzed, with significantly higher expression signals found in liver compared to brain, intestine and muscle (Fig. 6) . With regards to elovl5, liver also showed the highest expression rates, but significant differences could only be established with brain and muscle signals (Fig.   6 ).
Discussion
A previous study suggested that C. estor had an active LC-PUFA biosynthesis pathway that enabled this species to endogenously synthesize DHA from PUFA precursors (43) . Here, we provide robust data supporting a likely molecular mechanism demonstrating that C. estor expresses genes encoding enzymatic activities that would enable the synthesis of DHA.
The capabilities exhibited by the two desaturase cDNAs cloned from C. estor (Fads2a and Fads2b) cover the set of desaturation requirements for DHA synthesis from LNA (18:3n-3).
Heterologous expression of Fads2b showed this protein was a dual ∆6∆5 desaturase and thus it catalyzed the desaturation of 18:3n-3 to 18:4n-3 (∆6) and also the ∆5 desaturation required to convert 20:4n-3 to EPA. While the C. estor Fads2a can partly contribute to the ∆5 desaturation leading to EPA biosynthesis as described for Fads2b, the higher conversion activities of Fads2a suggested that its major role in the overall pathway was to catalyze the ∆4 desaturation involved in the direct conversion of 22:5n-3 to DHA. A similar pathway of DHA biosynthesis from EPA was postulated to operate in the rabbitfish S. canaliculatus (4,28) and more recently Senegalese sole S. senegalensis (5). In comparison with the Sprecher pathway, the so-called "∆4 pathway" is a more direct metabolic route as it avoids translocation of PUFA intermediates (namely 24:6n-3) between endoplasmic reticulum and peroxisomes, and also the further catabolic step (partial oxidation to DHA) occurring in the latter organelle (3,46). While we did not test the ability of C. estor desaturases to mediate the ∆6-desaturation of 24:5n-3 to 24:6n-3 required in the Sprecher pathway, we hypothesize that it is not operative in the presence of a more direct and efficient mechanism such as the ∆4 pathway. In agreement, neither hepatocytes nor enterocytes of C. estor that had been incubated with either (Fig. 7) . In addition to the DHA biosynthetic pathway described above, two possible pathways for EPA and ARA biosynthesis are shown. First, the "classical", and likely the most prominent, pathway involving ∆6 desaturation -elongation -∆5 desaturation is possible through the consecutive action of Fads2b, Elovl5 and Fads2b, respectively. Second, the alternative "∆8 pathway"
canaliculatus, S. senegalensis and C. estor) belong to three different clades including Percomorpharia (S. canaliculatus), Carangimorphariae (S. senegalensis) and Ovalentariae (C.
estor), all sharing a common ancestor (∼115 Ma). It is tempting to speculate that Fads2 enzymes in fish with ∆4 activity are restricted to these three groups, albeit these groups contain > 200 families and so the activity is likely further restricted to specific families or even individual species within the groups. Thus, other species within these three groups According to the proposed time-calibrated tree, the emergence of the dual ∆6∆5 in cyprinids occurred ∼100 Ma ago (52), as the desaturase from common carp (also cyprinid) does not show dual activity.
In summary the present study demonstrated that C. estor expresses desaturase and elongase genes encoding all the enzymatic activities required for the biosynthesis of DHA from the C 18 precursor LNA. While the C. estor Elovl5 accounted for all the elongation steps, two distinct 
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